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1. INTRODUCTION {#jmv25737-sec-0020}
===============

Human papillomavirus (HPV) is one of the papillomavirus (PVs) families that is reported to infect skin and mucosa of mammals, aves, and reptiles.[^1^](#jmv25737-bib-0001){ref-type="ref"}, [^2^](#jmv25737-bib-0002){ref-type="ref"}, [^3^](#jmv25737-bib-0003){ref-type="ref"}, [^4^](#jmv25737-bib-0004){ref-type="ref"} The cancer causative agent, which was reported in most cervical cancer cases worldwide and the majority of anal and head and throat cancer cases, is HPV.[^3^](#jmv25737-bib-0003){ref-type="ref"}, [^5^](#jmv25737-bib-0005){ref-type="ref"} It is the largest family of PVs that includes more than 150 different strains, of which HPV16 is responsible for half the cervical cancer cases worldwide.[^2^](#jmv25737-bib-0002){ref-type="ref"}, [^3^](#jmv25737-bib-0003){ref-type="ref"} There are 15 high‐risk HPV strains that are reported in cancer cases, which include HPV16, HPV18, HPV31, HPV33, HPV35, HPV39, HPV51, HPV52, HPV56, HPV58, HPV59, HPV68, HPV69, HPV73, and HPV82.[^4^](#jmv25737-bib-0004){ref-type="ref"}, [^6^](#jmv25737-bib-0006){ref-type="ref"}

HPV is a nonenveloped double‐stranded DNA virus that has two structural capsid proteins, L1 (major capsid) and L2 (minor capsid), responsible for viral entry into the host cell.[^4^](#jmv25737-bib-0004){ref-type="ref"}, [^7^](#jmv25737-bib-0007){ref-type="ref"} HPV target the heparin sulfate proteoglycans (HSPGs) of the basal cell epithelium.[^7^](#jmv25737-bib-0007){ref-type="ref"}, [^8^](#jmv25737-bib-0008){ref-type="ref"} The L1 capsid protein of HPV is the primary element that recognizes HSPGs.[^7^](#jmv25737-bib-0007){ref-type="ref"}, [^8^](#jmv25737-bib-0008){ref-type="ref"} After recognition, conformational changes in L1 mediated by different host cell receptors and chaperones leads to endocytosis of the virion.[^1^](#jmv25737-bib-0001){ref-type="ref"}, [^6^](#jmv25737-bib-0006){ref-type="ref"}, [^7^](#jmv25737-bib-0007){ref-type="ref"} HPV travels to the nucleus to replicate its DNA through localization in separate host cell compartments, including the endosome, Golgi apparatus, and endoplasmic reticulum (ER).[^7^](#jmv25737-bib-0007){ref-type="ref"}, [^9^](#jmv25737-bib-0009){ref-type="ref"} E6 is one of the nonstructural proteins of HPV that was reported to be the causative element of cancer cell proliferation.[^10^](#jmv25737-bib-0010){ref-type="ref"} It binds to oncoproteins crucial for cancer development like p53 and p105Rb oncoproteins, leading to its degradation.[^1^](#jmv25737-bib-0001){ref-type="ref"}, [^7^](#jmv25737-bib-0007){ref-type="ref"}, [^10^](#jmv25737-bib-0010){ref-type="ref"}, [^11^](#jmv25737-bib-0011){ref-type="ref"} Different viral (E6 associated protein \[E6‐AP\] and E6\^E7 splice isoform) and host‐cell (HSP90 and GRP78 chaperones) proteins are reported to bind to and stabilize the E6 protein of HPV16, increasing its presence times in vivo.[^1^](#jmv25737-bib-0001){ref-type="ref"}

Glucose regulating protein 78 (GRP78), is the master player of the unfolded protein response mechanism in the ER.[^12^](#jmv25737-bib-0012){ref-type="ref"} It is a heat shock protein 70 family member, a chaperone protein, that regulates cell response under unfolded protein load stress.[^13^](#jmv25737-bib-0013){ref-type="ref"}, [^14^](#jmv25737-bib-0014){ref-type="ref"}, [^15^](#jmv25737-bib-0015){ref-type="ref"}, [^16^](#jmv25737-bib-0016){ref-type="ref"} GRP78 is localized in the lumen of the ER bound to and inactivating other enzymes responsible for cell response under accumulated unfolded proteins that include activating transcription factor 6 (ATF6), protein kinase RNA‐like endoplasmic reticulum kinase (PERK), and inositol‐requiring enzyme 1 (IRE1).[^17^](#jmv25737-bib-0017){ref-type="ref"} Upon cell stress, like a viral infection or cancer, the GRP78 releases ATF6, PERK, and IRE1 due to the accumulation of unfolded proteins leading to inhibition of protein synthesis and enhancement of refolding.[^17^](#jmv25737-bib-0017){ref-type="ref"}, [^18^](#jmv25737-bib-0018){ref-type="ref"} Besides this, cell stress leads to the upregulation of GRP78 and subsequently its escape from ER retention, translocating to the cell surface (cell‐surface GRP78). Different viral and fungal pathogens are reported to bind cell‐surface GRP78.[^17^](#jmv25737-bib-0017){ref-type="ref"}, [^19^](#jmv25737-bib-0019){ref-type="ref"}, [^20^](#jmv25737-bib-0020){ref-type="ref"} A 13 residues cyclic peptide CTVALPGGYVRVC (Pep42) is said to target, selectively, the cell‐surface GRP78 over cancer cells.[^21^](#jmv25737-bib-0021){ref-type="ref"} Pep42 is used to deliver doxorubicin to cancer cells that upregulate the cell‐surface GRP78.[^17^](#jmv25737-bib-0017){ref-type="ref"}, [^22^](#jmv25737-bib-0022){ref-type="ref"}

In the current study, the binding site between GRP78 and viral E6 is predicted based on sequence and structural similarities between the Pep42 and HPV E6. Molecular docking is employed to further explore such binding using the protein‐protein docking technique that uses molecular dynamics simulation in refining the interacting residues in the binding site.

2. MATERIALS AND METHODS {#jmv25737-sec-0030}
========================

The X‐ray crystallography solved‐structure protein data bank (PDB) file in addition to the protein sequence (FASTA) file (released in the year 2016 with a resolution of 2.25 Å) for HPV E6 protein was downloaded from the PDB database (PDB ID: 4XR8).[^23^](#jmv25737-bib-0023){ref-type="ref"} The removal of other protein chains, water molecules, and ions from the PDB file is performed using PyMOL software.[^24^](#jmv25737-bib-0024){ref-type="ref"} The only full‐length wildtype GRP78 structure (released in the year 2016 with a resolution of 2.99 Å) in its open configuration (PDB ID: 5E84) is downloaded and prepared for the docking experiment using PyMOL.[^25^](#jmv25737-bib-0025){ref-type="ref"}, [^26^](#jmv25737-bib-0026){ref-type="ref"} The Clustal Omega web server is used to perform sequence alignment between the HPV E6 protein and the peptide Pep42,[^27^](#jmv25737-bib-0027){ref-type="ref"} while ESPript 3 software was used to represent the alignment.[^28^](#jmv25737-bib-0028){ref-type="ref"} The part of the HPV E6 protein that well represents the Pep42 (38.5% sequence identity) is further analyzed by the ProtParam web server of the ExPASy bioinformatics resource portal.[^29^](#jmv25737-bib-0029){ref-type="ref"} The Clustal Omega web server is also used to perform multiple sequence alignment (MSA) of all the present HPV E6 sequences in the National Center for Biotechnology Information (NCBI) protein database of the National Institute of Health.[^30^](#jmv25737-bib-0030){ref-type="ref"}

I‐TASSER web server was used to build a model for Pep42 peptide.[^31^](#jmv25737-bib-0031){ref-type="ref"} The HpepDock web server[^32^](#jmv25737-bib-0032){ref-type="ref"} was used to dock Pep42 peptide and HPV E6 (C51:C63 region) peptide into the binding site of GRP78. Molecular docking is performed using the HADDOCK web server[^33^](#jmv25737-bib-0033){ref-type="ref"} to test the binding mode of the full‐length HPV E6 to GRP78 substrate‐binding domain β (SBDβ). The active amino acids involved in the interactions with substrates are retrieved from the literature for GRP78 (I426, T428, V429, V432, T434, F451, S452, V457, and I459), while for HPV E6, the active residues are selected based on the similarity with Pep42 peptide.[^25^](#jmv25737-bib-0025){ref-type="ref"} In contrast, the amino acid residues surrounding the active residues are chosen to be the passive amino acids in HADDOCK. The interactions that occurred between the two proteins are determined by using the Protein‐Ligand Interaction Profiler (PLIP) web server.[^34^](#jmv25737-bib-0034){ref-type="ref"}

3. RESULTS AND DISCUSSION {#jmv25737-sec-0040}
=========================

3.1. Sequence and structural alignment {#jmv25737-sec-0050}
--------------------------------------

Figure [1A](#jmv25737-fig-0001){ref-type="fig"} shows the sequence alignment between the solved structure of HPV E6 protein (PDB ID: 4XR8, F and H chains) and the sequence of the peptide Pep42. Five (red‐highlighted residues) out of 13 residues are identical (38.5% sequence identity). These identical residues are C51, V53, G57, V62, and C63 (4XR8 numbering scheme). The hydrophobicity (Kyte and Doolittle hydropathy parameters)[^35^](#jmv25737-bib-0035){ref-type="ref"} of the Pep42 and the part of HPV E6, which bear high sequence identity to Pep42, are shown in the bar graph of Figure [1B](#jmv25737-fig-0001){ref-type="fig"}. It is clear that the high hydrophobic character is in the terminals of both Pep42 and HPV E6 C51:C63 region (around the disulfide bond) while in the central residues, the hydrophilic character is dominant. Figure S1 shows the MSA performed using the Clustal Omega web server. The retrieved 330 sequences of HPV E6 were represented with the aid of the ESPript 3.0 web server[^36^](#jmv25737-bib-0036){ref-type="ref"} after alignment with Clustal Omega. As shown in Figure S1, three CxxC motifs are very well conserved among all the HPV E6 sequences. These motifs represent the Zn finger domains present in HPV E6 crucial for its stabilization (homodimerization) and function.[^1^](#jmv25737-bib-0001){ref-type="ref"}, [^37^](#jmv25737-bib-0037){ref-type="ref"} Besides this, the motif LxxVxxxDxxxFAxC shows high sequence conservation among the aligned sequences and is surface accessible. This motif lies in the β‐hairpin fold (PDB ID: 4XR8), like the Pep42 model, and is suggested to be the binding site to GRP78.

![A, Sequence alignment of the solved structures for HPV E6 oncoprotein (PDB ID: 4XR8) and the sequence of Pep42. The alignment is made using the Clustal Omega web server and represented by ESPript 3 software. The red‐highlighted residues are the identical residues found in both proteins. B, Hydrophobicity plot (Kyte and Doolittle) for both Pep42 and HPV E6 C51:C63 peptides. HPV, human papillomavirus; PDB, Protein Data Bank](JMV-9999-na-g001){#jmv25737-fig-0001}

Figure [2A](#jmv25737-fig-0002){ref-type="fig"} shows the structure of modeled Pep42 (using the I‐TASSER web server) and the HPV E6 C51:C63 region (PDB ID: 4XR8). Figure [2B](#jmv25737-fig-0002){ref-type="fig"} shows the superposition between the two peptides with a root mean square deviation (RMSD) value of 1.67 Å (66 atoms included in the fitting). Identical amino acids are represented in red cartoons in both peptides, while the remaining residues are represented in colored cartoons (green for Pep42 and cyan for HPV E6 C51:C63). The structural alignment shows that the two peptides share the same structural folding (β‐hairpin structures).

![A, Structure of the Pep42 model (built by I‐TASSER web server) and the HPV E6 C51:C63 (PDB ID: 4XR8) peptides represented in green and cyan cartoon, respectively. Residues are labeled in both peptides using the three‐letter naming scheme. B, Structural alignment of the two peptides using the align option of PyMOL software. RMSD of the superposition is 1.67 Å. HPV, human papillomavirus; PDB, Protein Data Bank; RMSD, root mean square deviation](JMV-9999-na-g002){#jmv25737-fig-0002}

3.2. Peptide/protein docking {#jmv25737-sec-0060}
----------------------------

Before docking experiments, both proteins and peptides are prepared by PyMOL software. Missing H‐atoms are added while water molecules and ions are removed from the PDB files. A redocking test is performed to ensure the suitability of the docking software on the protein system under the study. The RMSD of the docked structures shows good agreement with the experimentally solved structures for both software used for the docking (RMSDs are 1.97 and 1.51 Å for HpepDock and HADDOCK softwares, respectively).

HpepDock web server is used to dock the peptides (both cyclic Pep42 and HPV E6 C51:C63) into the protein (GRP78 SBDβ). The docking is accomplished by defining the binding site of GRP78 (I426, T428, V429, V432, T434, F451, S452, V457, and I459) while the peptides (Pep42 and HPV E6 C51:C63) are treated as rigid structures. After docking, the PLIP web server is used to quantify the interactions of the resulting docking complexes. We compared the interactions settled down upon binding the peptides into GRP78 SBDβ. There are four H‐bonds, and four hydrophobic interactions are established between the Pep42 peptide and GRP78 SBDβ, while four H‐bonds and five hydrophobic interactions are settled in the case of HPV E6 C51:C63 peptide. Pep42 interacts by six residues (C1, T2, V3, A4, L5, and Y9) while HPV E6 C51:C63 interacts through five residues (C51, I52, Y54, D56, and G57). The HpepDock docking score for Pep42 is slightly more negative (−72.4) (means has better binding) compared with HPV E6 C51:C63 (−62.18). Figure [3](#jmv25737-fig-0003){ref-type="fig"} summarizes the interactions established after docking for Pep42 (A) and HPV E6 C51:C63 (B) peptides. GRP78 is represented in Figure [3](#jmv25737-fig-0003){ref-type="fig"} as a green cartoon with its domains marked on the figure; nucleotide binding domain (NBD) and substrate‐binding domains α and β (SBDα and SBDβ). The interactions with the peptides are maintained by the H‐bonding (blue‐colored residues) and hydrophobic interactions (magenta‐colored residues) with the peptides (red cartoons). The enlarged panels in Figure [3A,B](#jmv25737-fig-0003){ref-type="fig"} show the interacted amino acids from both GRP78 SBDβ and the peptides.

![Peptide/protein docking experiment using HpepDock. GRP78 solved structure (5E84) represented in the green‐colored cartoon is docked with (A) Pep42 and (B) HPV E6 C51:C63 peptides (red‐colored cartoons). Residues from GRP78 SBDβ that are involved in H‐bond formation with the peptides are represented in blue‐colored cartoons. The docking scores and number of interactions (H‐bonds and hydrophobic interactions) are listed in the left panel of the figure. HPV, human papillomavirus; GRP, glucose‐regulated protein; SBD, substrate‐binding domain](JMV-9999-na-g003){#jmv25737-fig-0003}

3.3. GRP78/HPV E6 full‐length protein docking {#jmv25737-sec-0070}
---------------------------------------------

After predicting the binding site using sequence and structural alignments, testing the binding mode and binding energy is the next step. Haddock web server (easy interface) is used to test the binding mode, and the potency of the interactions settled between GRP78 SBDβ (PDB ID: 5E84, chain A) to the full‐length HPV E6 protein (PDB ID: 4XR8, chain H). The active residues are defined for GRP78 (I426, T428, V429, V432, T434, F451, S452, V457, and I459) while for the HPV E6, it is the C51:C63 region (C51, I52, V53, Y54, R55, D56, G57, N58, P59, Y60, A61, V62, and C63). Passive residues are selected to be the residues surrounding the active residues for both proteins.

A total of 153 docked structures are clustered into 10 different clusters according to HADDOCK scores. The number of structures in every cluster varies from 6 (clusters 8, 9, and 10) up to 43 (cluster 1). The HADDOCK scores for each cluster varies from −68.8 ± 3.8 (the best‐scored cluster 8) to −26.8 ± 3.2 (the worst scored cluster 7). The top‐ranked cluster (cluster 8) is used to follow the docking pose with the aid of PLIP. Table [1](#jmv25737-tbl-0001){ref-type="table"} summarizes the interactions established in the first four, top‐ranked, docking structures of cluster 8 (top‐ranked cluster). The most stable interactions are the three H‐bonds that are created between the R55 of HPV E6 and both T456 and T458 of GRP78. The Y60 of HPV E6 forms H‐bonds to G430 of GRP78 in two (out of four) docking complexes, while at least two H‐bonds are formed between D56 of HPV E6 and S452 of GRP78 in two complexes (out of four). Some hydrophobic interactions are established between the two proteins upon dockings, such as between V429, F451, and V453 of GRP78 and Y54, D56, and Y60 of HPV E6.

###### 

The interactions formed between HPV E6 and GRP78 SBDβ upon docking

                               H‐bonding   Hydrophobic interaction                    
  -------------- ------------- ----------- ------------------------- ------ --- ----- ------
  First model    −68.8 ± 3.8   4           R55                       T456   1   Y54   V453
                                           R55                       T458             
                                           R55                       T458             
                                           Y60                       G430             
  Second model                 3           R55                       T456   0         
                                           R55                       T458             
                                           R55                       T458             
  Third model                  7           R55                       T456   1   Y60   V429
                                           R55                       T456             
                                           R55                       T458             
                                           D56                       S452             
                                           D56                       S452             
                                           D56                       V453             
                                           Y60                       G430             
  Fourth model                 8           R55                       T458   1   D56   F451
                                           R55                       T458             
                                           R55                       T458             
                                           D56                       S452             
                                           D56                       S452             
                                           D56                       S452             
                                           D56                       S452             
                                           G57                       S452             

*Note*: Four different docked complexes are analyzed here, representing the best cluster of HADDOCK.

Abbreviations: HPV, human papillomavirus; GRP, glucose‐regulated protein; SBD, substrate‐binding domain.
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Figure [4](#jmv25737-fig-0004){ref-type="fig"} shows one of the docking complexes of cluster 8. GRP78 is represented in a green cartoon with its domain marked in Figure [4A](#jmv25737-fig-0004){ref-type="fig"} (NBD, SBDα, and SBDβ). HPV E6 is represented in the yellow cartoon with its C51:C63 region in red. H‐bonds that formed between the two interacted proteins are expressed in blue dashed lines. As shown in the left panel of Figure [4A](#jmv25737-fig-0004){ref-type="fig"}, the number of H‐bonds between GRP78 and HPV E6 is four (R55::T456, R55::T458(2), and Y60::G430), while only one hydrophobic interaction (Y54::V453) is established upon binding with HADDOCK cluster score of −68.8 ± 3.8. Figure [4B](#jmv25737-fig-0004){ref-type="fig"} shows how the HPV E6 C51:C63 region (red cartoon) fits inside the SBDβ of GRP78 (molecular surface) between its loops.

![Protein/protein docking experiment using HADDOCK. A, GRP78 solved structure (5E84) represented in green‐colored cartoon labeled with the full‐length HPV E6 solved structure (4XR8) (yellow‐colored cartoons). The C51:C63 region of HPV E6 is represented in the red‐colored cartoon. Residues from both GRP78 and HPV E6 that involved in the interactions are labeled and represented in lines, while the H‐bonds are represented in blue dashed lines. B, The same docking complex but showing the molecular structure of GRP78 to show how HPV E6 C51:C63 fits inside the SBDβ of GRP78. HPV, human papillomavirus; GRP, glucose‐regulated protein; SBD, substrate‐binding domain](JMV-9999-na-g004){#jmv25737-fig-0004}

The docking study illustrates how the binding is established between HPV E6 and the chaperone, GRP78, protein. Interestingly, the N‐terminal of the HPV E6 lies near the suggested binding site of HPV E6 (Figure [4B](#jmv25737-fig-0004){ref-type="fig"}). Further molecular dynamics study is needed to check the contribution of this N‐terminal region in GRP78 binding.

4. CONCLUSION {#jmv25737-sec-0080}
=============

HPV is the primary causative agent for cervical cancer and other related diseases. The viral protein E6 is the primary oncogenic protein signal that promotes p53 degradation. Preventing such binding is crucial in fighting against, this cancer‐promoting, viral infection. GRP78 is said to cause E6 stabilization in vivo among other host cell and viral proteins. Once bound to GRP78, the HPV E6 is stabilized (saved from the degradation through host cell machinery and proteasome degradation pathway). E6 destabilization is reported to be a cancer‐preventing strategy. Inhibiting the GRP78‐E6 association would help in cancer cessation after the identification of the binding site. The present work suggests the GRP78‐E6 binding site using in silico techniques. Further dynamic simulations and experimental work are required to prove our hypothesis; besides, this study paves the way for exploring GRP78‐E6 binding inhibitors to fight against this cancer‐promoting viral infection.
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